Introduction
============

Gastric cancer (GC) ranks fourth in males and fifth in females for cancer incidence and \~9% cancer deaths in 2012 worldwide ([@b1-ol-0-0-9309]). Although systematic therapeutic strategies such as trastuzumab, an anti-HER-2 monoclonal antibody, have already been used in clinical practice, the prognosis of patients with late-stage GC remains poor ([@b2-ol-0-0-9309]--[@b4-ol-0-0-9309]). Therefore, additional study into the molecular mechanisms underlying the morbidity and metastasis of GC remain important.

Epithelial-mesenchymal transition (EMT) is a complex molecular and cellular process involving the transformation of cells from an epithelial to a mesenchymal phenotype. Cells undergoing EMT are associated with increased cell mobility, invasiveness and reinforced resistance to apoptosis, all of which serve a crucial role in tumor progression ([@b5-ol-0-0-9309],[@b6-ol-0-0-9309]). Therefore, EMT has become an important topic of study with regard to the progression and metastasis of epithelial derived tumors ([@b7-ol-0-0-9309]). EMT is characterized by the downregulation of the epithelial marker epithelial (E)-cadherin, which promotes cell-cell contact, and the upregulation of mesenchymal markers, including vimentin and neural (N)-cadherin ([@b6-ol-0-0-9309],[@b8-ol-0-0-9309]--[@b10-ol-0-0-9309]). Furthermore, the EMT process allows epithelial cells to switch from an immobile phenotype to a motile mesenchymal phenotype, leading to increased cell migration and invasion ([@b11-ol-0-0-9309],[@b12-ol-0-0-9309]). Liu *et al* ([@b13-ol-0-0-9309]) revealed that the expression of the mesenchymal markers N-cadherin and vimentin in GC tissues were significantly increased compared with those in adjacent normal tissues, which indicated the involvement of EMT in GC oncogenesis. Zhang *et al* ([@b12-ol-0-0-9309]) also identified that C-C motif chemokine receptor 7 promoted EMT in GC cells by regulating the expression of zinc finger protein SNAI1, resulting in migration and invasion of GC cells. Furthermore, previous studies have indicated that microRNA also serve as important regulators of GC EMT ([@b14-ol-0-0-9309]--[@b17-ol-0-0-9309]).

Wilms\' tumor on the X chromosome (WTX) was the first tumor suppressor gene identified on the X chromosome, and has been a topic of study since its identification in 2007 ([@b18-ol-0-0-9309]). WTX has been demonstrated to serve a major role in tumor suppression in several somatic tumors, although data concerning its expression and function in GC are limited ([@b19-ol-0-0-9309]--[@b22-ol-0-0-9309]). Zhang *et al* ([@b23-ol-0-0-9309]) analyzed the expression of WTX in normal and cancer tissues, and identified that WTX gene and mRNA expression levels were decreased compared with those in normal tissue, which indicated that the WTX gene may serve an important role in tumor suppression of GC.

The present study aimed to investigate whether the WTX gene inhibited gastric cancer morbidity, and the role of EMT within this process. The results may provide novel insight for gastric cancer cell metastasis, and identify possible clinical targets for gastric cancer treatment.

Materials and methods
=====================

### Cell lines and cell culture

The human gastric cancer AGS cell line and the 293T cell line (only as transfection vectors) were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in the Department of Pathology, Nanfang Hospital (Guangzhou, China). The human gastric cancer AGS cell line was cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS; both Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37°C in a humidified atmosphere of 5% CO~2~. The 293T cells were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) medium supplemented with 10% FBS at 37°C in a humidified atmosphere of 5% CO~2~.

### Establishment of stable WTX-overexpressing and control gastric cancer cell lines

The detailed methods of the establishment of stable WTX-overexpressing colorectal cancer SW620 cell line were described previously ([@b24-ol-0-0-9309]). The whole length of WTX CDS region is 3405 bp in length (based on NCBI information on APC membrane recruitment protein 1; NM_152424.3; <http://www.ncbi.nlm.nih.gov/gene/139285>). The region was amplified from a WTX CDS clone vector (Shanghai GeneChem Co., Ltd., Shanghai, China), using a pair of primers as follows: Forward, 5′-ACCGGTCGCCACCATGGAGACCCAAAAGGATGAAGCTGCTC-3 and reverse, 5′-ACCCTTGGCTAGGTTTCCATTCATGGCAGTG-3. The polymerase chain reaction (PCR) kit was provided by Takara Biotechnology, Co., Ltd. (Dalian, China). Thermocycling conditions were as follows: 94°C for 5 min, followed by 30 cycles of 94°C for 30 sec, 55°C for 30 sec and 72°C for 2 min, followed by 72°C for 10 min.

Subsequent to the PCR amplifying process, the PCR product was subcloned into the GV287 lentivirus vector using BamHI/AgeI restrictive enzymes. Agarose gel electrophoresis was then used to evaluate the recombinant vector, followed by Sanger sequencing to confirm the recombinant vector was successfully constructed.

Subsequently, 293T cells were transfected (Lipofectamine™ 2000 Transfection Reagent; Thermo Fisher Scientific, Waltham, MA, USA) with packaging vectors and the WTX recombinant lentivirus plasmid or control vector. The supernatant containing Lenti-virus was collected and concentrated by Shanghai GeneChem Co., Ltd. and the titer was measured.

AGS cells were seeded in a 24-well plate at a density of 30--50% at 37°C for 24 h prior to being infected with WTX CDS overexpression lentiviruses or control lenti-virus based on the virus titer and multiplicity of infection (MOI) value of the AGS cell line (MOI=50). Transfection efficiency was roughly evaluated by fluorescence microscopy at magnification, ×100 48 h following infection and was finally verified by reverse transcription-quantitative PCR (RT-qPCR) and western blotting. The pure WTX overexpression cells and control cells were isolated by flow cytometry and named as AGS.W and AGS.veh cells.

### RT-qPCR

AGS.W and AGS.veh cells were seeded in 6-well plates at a density of 1×10^6^ cells/well in advance for 24 h and cells were washed 3 times with PBS. The cells were collected, and cellular mRNA was extracted with RNAiso-Plus (Takara Bio, Dalian, China), from which single-stranded cDNA was then synthesized at 37°C for 15 min, 85°C for 5 sec and stored at 4°C. Using the qPCR cDNA synthesis kit (Takara Bio, Dalian, China) following the manufacturer\'s protocol. qPCR was conducted with iQ™ SYBR-Green Supermix (Takara Bio, Dalian, China) using Applied Biosystems 7500 Sequence Detection system. The thermo cycling condition were as follows: 95°C at 5 min for 1 cycle, then 95°C for 5 sec, 60°C for 30 sec and 72°C for 34 sec for 40 cycles, followed by the melting curve stage (95°C for 15 sec, 60°C for 1 min and 95°C for 30 sec). The relative WTX mRNA level was calculated as 2^−ΔΔCq^ ([@b25-ol-0-0-9309]). The sense and anti-sense WTX and GAPDH primers used are listed below: WTX forward, 5′-GACCCAAAAGGATGAAGCT-3′ and reverse, 5′-CCCCTCCAAAGAAACTAGGC-3′; GAPDH forward, 5′-TGAAGGTCGGAGTCAACGGA-3′ and reverse, 5′-CCATTGATGACAAGCTTCCCG-3′.

### Western blot analysis

AGS.W and AGS.veh cells were washed 3 times with PBS prior to being lysed with Radioimmunoprecipitation Assay Lysis buffer (KeyGen Biotech Co., Ltd., China). Cellular protein lysate was separated from the residue through high-speed centrifugation (12,000 × g; 30 min; 4°C) and mixed with loading buffer (Beyotime Institute of Biotechnology, Haimen, China). The mixture was then boiled for 5 min for protein denaturation. The total protein was determined using a bicinchoninic acid assay. Samples (40 µg/lane) were subjected to SDS-PAGE (10% gel), transferred to 0.45 µm polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA), blocked with 5% non-fat milk (diluted in PBS with 0.1% Tween at 25°C for 1 h) and incubated with primary antibodies overnight at 4°C and secondary antibodies at 25°C for 1 h. An enhanced chemiluminescence detection system (Fu De Biological Technology Co., Ltd, Hangzhou, China) was used to visualize protein expression. Anti-β-actin antibody was used as a loading control. Protein bands were examined using the ChemiDoc™ Imaging system (version. 5.2.1). Data were quantified using Image Lab (version. 5.2.1; both Bio-Rad Laboratories, Inc.).

Primary antibodies included rabbit monoclonal antibodies anti-WTX (cat. no. ab91309; 1:500), anti-N-cadherin (cat. no. ab76057; 1:500), anti-β-catenin (cat. no. ab27798; 1:500) anti-Vimentin (cat. no. ab27608; 1:500), anti-E-cadherin (cat. no. ab76319; 1:500; all Abcam, Cambridge, UK) and mouse monoclonal antibody anti-β-actin (cat. no. TA-09; 1:500; OriGene Technologies, Inc., Beijing, China).

Secondary antibodies included horseradish peroxidase-conjugated goat anti-rabbit Immunoglobulin G (cat. no. ZB-2301; 1:1,000) and peroxidase-conjugated goat anti-mouse Immunoglobulin G (cat. no. ZB-2305; 1:1,000; both OriGene Technologies, Inc.).

### Cell morphology observation

AGS.W and AGS.veh cells were seeded in 6-well plate (Corning Inc., Coring, NY USA) and grown to a density of 70--80%, prior to being subjected to morphology observation with an Olympus IX71 inverted light microscope (Olympus Corporation, Tokyo, Japan) at magnification, ×200 in 5 random fields.

### Immunofluorescence to detect changes in EMT-associated proteins expression

AGS.W and AGS.veh cells were first seeded at a density of 10% (300 cells/well) on confocal disks and then cultured with full medium for 12 h. Cells were washed with PBS 3 times, and then fixed in 4% formaldehyde for 30 min at room temperature, followed by permeabilization with 0.2% Triton-100 for 15 min at room temperature and incubation with specific primary antibodies against the EMT-associated proteins \[anti-N-cadherin (cat. no. ab76057; 1:200), anti-β-catenin (cat. no. ab27798; 1:200), anti-Vimentin (cat. no. ab27608; 1:200), anti-E-cadherin (cat. no. ab76319; 1:200; all Abcam)\] overnight at 4°C. Cells were incubated with an Alexa Fluor-594 conjugated goat anti-rabbit Immunoglobulin G secondary antibody (cat. no. SA00006-4; 1:500; ProteinTech Group, Inc., Chicago, IL, USA) for 1 h at room temperature and finally stained with DAPI (Beyotime Institute of Biotechnology, Haimen, China) for 5 min at room temperature to prepare the samples for immunofluorescence analysis. All immunofluorescence images were captured using an Olympus confocal microscope (Fluoview FV1000; Olympus Corporation, Tokyo, Japan) at magnification, ×1,200. The mean intensity of indicated proteins was quantified using Image J software (version 1.8.0; National Institutes of Health, Bethesda, MA, USA).

### Transwell cell migration detection assay

Transwell migration assay was performed using Transwell inserts (BD Bioscience, SanJose, CA, USA) with a filter of 8 µm pore. A total of 1×10^5^ cells/chamber were seeded in the upper chamber with serum-free medium, and the concentration of FBS was increased to 20% in the lower chamber to serve as a chemoattractant. Cells were cultured for 48 h, fixed with 4% paraformaldehyde for 30 min at room temperature, and then stained with hematoxylin for 30 min at room temperature. Cells invading to the opposite side of membrane were observed with an inverted light microscope at magnification, ×200 and counted by direct visualization of nuclei in 5 different visual fields. A total of three independent experiments were conducted for statistical analysis.

### Wound-healing assay

AGS.W and AGS.veh cells were seeded in a 6-well plate at a density of 1×10^6^ cells/well for 24 h, and then scratched with a sharp 10-µl pipette tip. Floating cells were removed with PBS three times. Cell migration was observed with an Olympus IX71 inverted light microscope at ×100 magnification in 5 random fields every 6 h for 72 h, with images captured at each 6 h interval.

### Statistical analysis

Statistical analysis was performed with SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). A Student\'s independent t-test was used to compare the WTX mRNA levels and Transwell migration cell numbers between two groups. Data are presented as mean ± standard deviation from three independent experiments. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Establishment of AGS.W by lentivirus infection combined with flow cytometry

Flow cytometry results are presented in [Fig. 1A](#f1-ol-0-0-9309){ref-type="fig"}. AGS.W and control AGS.veh cells expressed green fluorescence under the fluorescence microscope ([Fig. 1B](#f1-ol-0-0-9309){ref-type="fig"}). Next, it was verified that AGS.W expressed significantly increased WTX at mRNA ([Fig. 1C](#f1-ol-0-0-9309){ref-type="fig"}) and protein ([Fig. 1D](#f1-ol-0-0-9309){ref-type="fig"}) levels, compared with AGS.veh cells, indicating that the recombinant AGS cell line with stable WTX overexpression was successfully established.

### Morphological changes in AGS.W cells compared with AGS.veh cells

The morphology of AGS.W and AGS.veh cells was observed using microscopy, and it was identified that the ([@b26-ol-0-0-9309]), whereas AGS.veh cells retained a spindle shape and grew scattered ([Fig. 2A](#f2-ol-0-0-9309){ref-type="fig"}). This morphological change is a phenotype of the tumor EMT process ([@b26-ol-0-0-9309],[@b27-ol-0-0-9309]).

### EMT-associated protein expression in AGS.W and AGS.veh cells

To detect the levels of EMT-associated protein expression in AGS.W and AGS.veh cells, western blotting was performed. The results indicated that the level of epithelial marker E-cadherin was upregulated, while the levels of mesenchymal markers including N-cadherin, vimentin and β-catenin were downregulated in AGS.W cells ([Fig. 2B](#f2-ol-0-0-9309){ref-type="fig"}). Similar trends were observed in immunofluorescence ([Fig. 3](#f3-ol-0-0-9309){ref-type="fig"}). These results validate the inhibitory effect of WTX on EMT in the AGS gastric cancer cell line.

### Cell migration and invasion ability in AGS.W and AGS.veh cells

To determine whether WTX affects gastric cancer cell invasion and migration, a Transwell Matrigel^®^ invasion assay and an *in vitro* wound-healing assay were performed in AGS.W and AGS.veh cells. In the Matrigel^®^ invasion assay, the number of AGS.W cells invading to the opposite side of chamber membrane was decreased compared with that of AGS.veh cells, indicating that the invasive capabilities of the AGS.W cells was decreased in comparison with those of the AGS.veh cells ([Fig. 4A and B](#f4-ol-0-0-9309){ref-type="fig"}). The wound-healing assay also indicated that WTX overexpression markedly decreased the migration of AGS cells after 48 h ([Fig. 4C](#f4-ol-0-0-9309){ref-type="fig"}). The present study demonstrated that WTX overexpression prohibited the invasive and migratory capabilities of the gastric cancer AGS cell line.

Discussion
==========

An estimated 951,600 new stomach cancer cases and 723,100 mortalities occurred in 2012 ([@b1-ol-0-0-9309]). Most newly diagnosed cases are identified for cell migration and consequent metastasis ([@b28-ol-0-0-9309]). Due to early metastasis to distant organs, particularly the liver, the prognosis of patients with gastric cancer remains poor, despite the improving surgical resection technologies for early stage tumors ([@b29-ol-0-0-9309]--[@b31-ol-0-0-9309]).

WTX has been demonstrated to serve as a tumor suppressor in the oncogenesis of various tumors ([@b18-ol-0-0-9309],[@b32-ol-0-0-9309]). To investigate the exact mechanism of the WTX in GC, WTX-overexpressing cells were established, and it was identified that the overexpression of WTX may inhibit the invasive and migratory capabilities of GC cells, indicating that the WTX gene may serve a pivotal role in tumor metastasis.

Previous studies have indicated that the EMT process is critical for the metastasis of GC by promoting cell migration and invasion ([@b33-ol-0-0-9309]). Notably, morphological changes were observed in the WTX-overexpressing cells, which transformed from a spindle, mesenchyme-like shape into an oval, epithelial shape. EMT is the physiological or pathological conversion of epithelial cells to mesenchymal cells, in which cells undergo phenotypic changes including the loss of cell polarity and cell-cell adhesion, and the acquisition of migratory and invasive properties, which are responsible for carcinoma progression. To confirm this hypothesis, the expression levels of EMT-associated proteins in WTX-overexpressing cells were analyzed, and it was identified that epithelial cell adhesion molecules including E-cadherin were upregulated, whereas mesenchymal markers, including N-cadherin, vimentin and β-catenin, were downregulated by WTX overexpression. These results indicated that WTX may inhibit the EMT process, and consequently affect the migration of GC cells.

However, the mechanism by which WTX inhibited the EMT process and cell migration in gastric cancer cells was not elucidated. The Wnt/β-catenin pathway has been demonstrated to serve an important role in the proliferation, differentiation, migration and adhesion of GC cells ([@b34-ol-0-0-9309],[@b35-ol-0-0-9309]). Heuberger and Birchmeier ([@b36-ol-0-0-9309]) revealed that E-cadherin binds to β-catenin and suppresses its nuclear localization by sequestering cytoplasmic β-catenin. Furthermore, Howard *et al* ([@b37-ol-0-0-9309]) revealed that the combination between β-catenin and E-cadherin is essential for the EMT process. Hlubek *et al* ([@b38-ol-0-0-9309]) demonstrated that β-catenin-dependent translation of target genes in the nuclei is key player during EMT. additionally, WTX has been demonstrated to negatively regulate the Wnt/β-catenin signaling pathway by forming a complex with β-catenin, resulting in the promotion of complex degradation ([@b38-ol-0-0-9309],[@b39-ol-0-0-9309]). Therefore, we hypothesize that WTX may inhibit the EMT process in AGS gastric cancer cells through the suppression of the Wnt/β-catenin pathway directly and/or indirectly associated with the upregulation of E-cadherin, which requires additional study for confirmation.

In conclusion, the present study identified that WTX may inhibit gastric cancer cell invasion and migration, and reverse the EMT process. The results indicate that WTX may be an important gene for future studies concerning the regulation of gastric cancer cell metastasis, and may present a novel prospective for understanding the molecular mechanisms that underlie this process. The present study provides insight on the potential for WTX-targeted therapy for patients with gastric cancer, with the aim of minimizing cancer progression and metastasis.
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![Establishment of stable WTX-overexpressing AGS cell line. (A) Flow cytometry and (B) fluorescence microscopy were used to evaluate the infection efficiency. Magnification, ×100. (C) Reverse transcription-quantitative polymerase chain reaction assay was used to measure the WTX mRNA level of AGS.W and AGS.veh cells (n=4; P\<0.05), the normalization gene was GAPDH. (D) Western blotting was performed to analyze WTX protein expression in AGS.W and AGS.veh cells. The bar graph depicts the relative expression of protein normalized to β-actin. WTX, Wilms\' tumor on the X chromosome; AGS.W, AGS cell line stably overexpressing WTX; AGS.veh, negative control.](ol-16-04-4970-g00){#f1-ol-0-0-9309}

![Morphology observation and EMT-associated protein expression levels in AGS.W and AGS.veh cells. (A) AGS.W and AGS.veh cells were subjected to morphological observation using light microscopy. Magnification, ×200. (B) EMT-associated protein expression levels in AGS.W and AGS.veh cells were detected by western blotting. Bar graph depicts the relative expression of proteins normalized to β-actin. WTX, Wilms\' tumor on the X chromosome; AGS.W, AGS cell line stably overexpressing WTX; AGS.veh, negative control; E-cadherin; epithelial cadherin; N-cadherin, neural cadherin; EMT, epithelial-mesenchymal transition.](ol-16-04-4970-g01){#f2-ol-0-0-9309}

![Immunofluorescent staining of epithelial-mesenchymal transition-associated markers in AGS.W and AGS.veh cells. (A) E-cadherin, β-catenin, N-cadherin and vimentin were stained red; nuclei were stained blue. Magnification, ×1,200. (B) Quantification of the intensity of indicated protein. E-cadherin; epithelial cadherin; N-cadherin, neural cadherin; WTX, Wilms\' tumor on the X chromosome; AGS.W, AGS cell line stably overexpressing WTX; AGS.veh, negative control.](ol-16-04-4970-g02){#f3-ol-0-0-9309}

![AGS.W and AGS.veh cell migration. (A) Cell migration was measured by Transwell Matrigel^®^ assay (magnification, ×200). (B) Transwell assay reported AGS.W (210.4 ± 14.02) acquired restraining cell migratory ability than AGS.veh cells (271.4 ± 6.313). Student\'s independent t-test was used to compare the data (P=0.0041). (C) Cell migration was measured by wound-healing assay (magnification, ×100). WTX, Wilms\' tumor on the X chromosome; AGS.W, AGS cell line stably overexpressing WTX; AGS.veh, negative control.](ol-16-04-4970-g03){#f4-ol-0-0-9309}
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